Direct carbon fuel cells offer the opportunity of generating energy from coal at high efficiency as an alternative to the procedure of conventional power plants. In this study, raw anthracite coal and raw bituminous coal were investigated in a hybrid direct carbon fuel cell (HDCFC), which was a combination of a solid oxide fuel cell and a molten carbonate fuel cell. Mechanical mixing was confirmed to be an efficient method of mixing coal with carbonate. The coal samples had different properties, for example, carbon content, hydrogen content, volatile matter and impurities. The results showed that the maximum power density obtained by the cell with anthracite coal was similar to that obtained by the cell with bituminous coal. It was found that the total power output from coal in HDCFCs mostly depended on the carbon content, while volatile matter, hydrogen content, moisture, etc. had an effect on the short-term durability. HDCFCs were kept operating for more than 120 hours with 1.6 g coal. This study demonstrates that energy can be generated efficiently by employing anthracite and bituminous coal in hybrid direct carbon fuel cells.
Introduction
Coal is an abundant fossil fuel in many countries and it supplies most of our global energy. About three-quarters of the electricity generated in the UK comes from power stations fuelled by fossil fuels. As a major fossil fuel, coal will continue to be used for the generation of electricity in the near future, despite growing concerns about the effects of greenhouse gas emissions. A practical way of using coal more efficiently is to generate more energy per unit of coal, as far as the environmental impact is concerned. This could be achieved by the direct oxidation of coal in a fuel cell to produce electricity. A fuel cell using carbon directly as a fuel without external gasification is defined as a direct carbon fuel cell (DCFC). This device works on the basis of an electrochemical process rather than on combustion. A DCFC theoretically has a high electrical efficiency, because of its the high electrochemical conversion efficiency, slightly in excess of 100% due to a positive entropy change for the cell reaction. Practical systems can reach an overall efficiency as high as 80%, which is a major improvement over the current 40% efficiency from traditional coal fired power plants. Moreover, DCFC systems are not only scalable, hence suitable for decentralised electricity production, but also quiet, due to the absence of rotating parts.
The first attempt to develop a process for electricity generation from coal was made by Jacques in 1896 1, 2 . Recent work on coal fuel cells was renewed by the energy demands for the reduction of CO 2 emissions. Researchers have focused on the application of different types of coal samples in DCFCs 3, 4 . So far, lignite, bituminous and anthracite coal have been tested in DCFCs [5] [6] [7] . Among these three types of coal, lignite coal has the lowest carbon content, and anthracite coal has the highest carbon content. In literature, ash-free coal samples were selected for DCFCs in order to avoid the effect of impurities [8] [9] [10] [11] . When these were fed into a molten carbonate fuel cell and gasified mainly to hydrogen and carbon monoxide and it seemed that the gasification of coal was more dependent on the temperature than on the presence of carbonate. 8 The gasification of lignite was sensitive to the carrier gas. In the presence of CO 2 , lignite was gasified into CO at 800 °C, and therefore, resulted in a good cell performance 12 . Anodic electrode composition, carrier gas composition and flow rate, and a carbonate addition were important parameters and these were therefore optimised. Although the feasibility of employing lignite was explored in literature, the poor performance would require further investigation. Raw coal without pre-treatment has been used directly in DCFCs. Demineralized coal washed with HNO 3 was also investigated as a fuel in a YSZ electrolyte-supported cell with a Ni-GDC-YSZ anode 13, 14 . A maximum power density of 33.3 mW cm -2 was obtained with raw coal fuel when the cell was operating at 850 °C. A similar maximum power density was achieved with demineralized coal, but with better durability in N 2 as compared to that of raw coal fuel. The fast degradation rate with raw coal was attributed to its ash accumulation on the anode surface, and also to the continuous carbon consumption 14 . In our previous research, different types of coal were selected for a primary test in hybrid DCFCs 3, 15, 16 . Lignite coal, bituminous coal and anthracite coal were evaluated in a button cell with a NiO-YSZ anode, a YSZ electrolyte and a LSM-YSZ cathode. The bituminous and anthracite coal had shown good durability over two hours of testing compared to the lignite coal 15 . We also investigated the application of ternary carbonate of lithium, sodium and potassium carbonate with a molar ratio of 43.5:31.5:25 in HDCFCs. The cell was tested at relatively low temperature of 700 °C and the power output generated was similar to that of the cell with binary carbonate operating at 750 °C 16 . As one of the main types of coal, anthracite coal is suggested as a good candidate for DCFCs due to its high carbon content, usually is above 90%, but there are not many publications about anthracite fuel for DCFCs. 3, 4 In our previous research, we initially discussed the effect of chemical compositions (e. g. carbon content, P D F C r e a t e 8 T r i a l w w w . n u a n c e . c o m hydrogen content, etc.) on the electrochemical performance, concentrating mainly on maximum power density and shortterm durability (2 hours). In the light of this work, we will now intensively investigate the utility of anthracite coal in this study. We will focus on the comparison of anthracite coal with bituminous coal as a fuel for hybrid DCFCs in terms of maximum power density, short-term (24 hours) and long-term durability (over 100 hours).
Experiments

Coal properties
The sample was chemically characterized by means of elemental analysis (C, H, O, N and S wt% content) with a LECO CHNS-932 analyser. The oxygen was determined with a VTF-900; proximate analyses (volatile matter, ash and moisture content) were also evaluated and the ash composition was determined by x-ray fluorescence in a Bruker SRS 3000. The petrographic compositions of all the coal samples are shown in Table 1 . Table 2 summarises the chemical compositions and  Table 3 lists the ash composition of all the coal samples. These four coal samples have significantly different properties, such as carbon content, sulphur content and ash content. A Fourier Transform Infrared spectrophotometer (FTIR; Shimadzu, IRAffinity-1S) was used for the FTIR spectra measurements. Figure 1 shows the data recorded between 4000 and 400 cm -1 with 100 scans and a resolution of 4 cm -1 .
These two anthracite coal samples have a similar structure and A-I has fewer peaks than A-II. The band at 1595 cm -1 is assigned to the C-C stretching vibration in aromatic groups and the band at 1029 cm -1 is ascribed to the C-O stretching vibration. The bands lower than 1000 cm -1 can be attributed to the C-H stretching vibration in aliphatic and aromatic compounds. Compared to anthracite coal, bituminous coal samples have more bands shown in FTIR spectra. Apart from the same bands shown above, the band at 3431 cm -1 is attributed to the O-H stretching vibration in hydroxyl functional groups, the bands at 2940 cm -1 and 1373 cm -1 are due to the asymmetric and symmetric C-H stretching vibration in alkyl compounds, and the band at 1695 cm -1 is due to the C=O stretching vibration in aromatic compounds.
The X-ray diffraction (XRD) patterns of raw coal samples were recorded on a PANalytical Empyrean Reflection Diffractometer with Cu Kα radiation (λ =1.5418 Å) using settings of 40 mA and 40 kV, 2θ range of 10-90 °, step size of 0.02 ° and scan step time of 2 s. The results are shown in Figure 2 .
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These two anthracite coal samples present a distinct diffraction peak at 20-30 °, which corresponds to the (002) reflection of carbon. Another peak at around 44 ° is attributed to the (100) graphite crystal face reflection. In addition to the carbonaceous diffraction peaks, the diffraction peaks correspond to minerals in the anthracite coal samples. Both of these anthracite coal samples have quite a high ash content (Table 3) . Quartz is one of the main impurities and two extinguish peaks are present at 20.5 ° and 26.4 °. Some other impurities are present, such as Al 2 O 3 , which exists in the form of kaolin.
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B-I and B-II have less ash content, therefore except for main peaks at 20-30 ° and at 44 ° few other peaks are identified. In the XRD patterns, organic components show broad peaks due to their lower crystallinity, while inorganic components display sharp peaks because of their higher crystallinity. The two broad peaks at 20-30 ° and 44 ° are typical examples of carbon and other peaks are due to the presence of inorganic components in the coal samples, as listed in Table 3 .
Mechanical mixing of coal with carbonate
The carbonate mixture was obtained by mixing a 62 mol% lithium carbonate (Aldrich Chemical Co. WI, USA) with a 38 mol% potassium carbonate (Fisher, UK).
Two methods were used to mix the carbonate with the coal samples, one by hand, and the other by mechanical mixing in a ball mill. For the hand mixing process, a eutectic carbonate mixture was mixed in mortar with the coal sample. For the mechanical mixing process, the eutectic carbonate mixture was mixed in a ball mill for 24 hours with the coal sample, using acetone as a solvent. The weight ratio of coal to carbonate was 4:1. The resultant mixture was then dried overnight in an oven at 80 C.
Cell preparation and electrochemical characteristics
Solid oxide fuel cells using a NiO-YSZ anode, a YSZ electrolyte and a LSM-YSZ cathode were used for the electrochemical tests. The details are shown in our previous paper. 17 A YSZ (Pikem) electrolyte with 1 mm thickness was prepared using a dry-pressing method and sintered at 1500 °C for 10 hours. A NiO (Aldrich, 325mesh) -YSZ (Pikem) composite electrode ink with a 60 wt% NiO and a 40 wt% YSZ was screen printed on one side of the YSZ electrolyte; this was then sintered at 1350 C for 2 h. After this, a (La 0.8 Sr 0.2 ) 0.95 MnO 3 (LSM, PRAXAIR)-YSZ composite electrode ink (LSM/YSZ=50:50) was screen printed on the other side of the YSZ electrolyte and sintered at 1100 C for 2 h. The area of the anode and the cathode was the same, which was 1.13 cm 2 . After that, silver paste was painted on the anode and the cathode side for current collectors, pre-calcined at 800 C for 1h. The cell was sealed on an alumina tube using a sealant (Aremco 552), with the anode side on top. Two grams of this mixture of coal-carbonate were filled into the anode chamber. The cells were heated to 250 C in nitrogen and kept at this temperature for half an hour to cure the ceramic sealant, and then increased to 750 C. The flow rate of nitrogen was 15 ml/min. The cell performance was measured on a Solartron 1280B with 10 mV ac amplitude for AC impedance and 20 mV/step to scan the current-voltage curves. The short-term and long-term durability was tested at 0.7 V. After operating at 0.7 V for 2 hours, the ac impedance spectra and the I-V curves were recorded and the cell was then again tested for durability at 0.7 V. Some of the cells were continuously tested at 0.7 V for 24 hours or until the fuel was finished. The tests were carried out as follows: the cell was operating at 0.7 V for 2 hours, and then it was held in open circuit conditions for 20 mins and then an ac impedance spectrum was collected, and then the loop was started again. Seven cells from the same batch were tested in different conditions, as shown in Table 4 . P D F C r e a t e 8 T r i a l w w w . n u a n c e . c o m
Results
Effect of mechanical mixing processing of coal with carbonate
The particle size distributions of the anthracite coal (A-I) as received are below 212 microns, as shown in Figure 3a . The particle size of the anthracite coal after milling (A-I-M) is below 75 microns with a narrow distribution (Figure 3b ). All the other three coal samples, A-II, B-I, and B-II were milled to make sure that all particles are below 75 microns. The long term stability of the cell using the anthracite coal with different particle sizes is presented in Figure 4 . The A-I-M fuelled cell (Cell II, Table 4 ) generates more power than that of the A-I (Cell I, Table 4 ) fuelled cell, as far as the long term durability is concerned (e.g. 24 hours). The cell with A-I-M had significantly better durability after 8 hours. The initial cell performance of Cell II is not as good as that of Cell I. The resistance of Cell II is 6 Ω cm 2 (point C in insert graph in Figure 4 ), bigger than 4.5 Ω cm 2 of Cell I (point A in insert graph in Figure 4 ). After 2 hours, the resistances of Cell II and Cell I are 12.5 Ω cm 2 (point D in insert graph in Figure 4 ) and 9 Ω cm 2 (point B in insert graph in Figure 4 ), respectively. The electrochemical behaviour difference of these two cells (Cell I and Cell II) could be caused by the mixing method of the coal samples with carbonate. Hand mixing was initially used in this instance to mix the coal samples with lithium and potassium carbonate in order to maintain the particle size of these two coal samples. But we expect mechanical mixing to be a more efficient method than hand mixing, and therefore we develop a mechanical mixing method using a ball mill for mixing the coal sample with carbonate. The comparison of the impedance spectra of the cells by hand mixing (Cell II) and mechanical mixing (Cell III) is shown in Figure 5 . It can be seen that Cell III with the coal milled in zirconia medium in acetone (Cell III, mechanical mixing, Table 4 ) has a smaller series resistance, which is only 3.27 Ω cm 2 ( Figure 5a ). However if the coal sample is handmixed with lithium potassium carbonate in a mortar (Cell II, hand mixing, Table 4 ), the series resistance of Cell II is 4.43 Ω cm 2 ( Figure 5b ). The electrochemical behaviour difference of these two cells could be caused by the wetting ability of the carbonate to carbon, occurring with the different mixing methods. Mechanical mixing means that the coal has more chance of contact with the carbonate, thereby facilitating a more efficient reduction of the nickel electrode by the fuel. Therefore, the series resistance of Cell III is much smaller than that of Cell II, which might be because Cell II is not reduced entirely. In the following experiments, mechanical mixing in the ball mill will be used to mix the carbonate with coal samples.
Electrochemical performance of the cell with different types of coal
The electrochemical performance of the cell with different types of coal is shown in Figure 6 . Cell IV with A-II fuel has the biggest polarisation resistance, which is 1.84 Ω cm 2 ( Figure 6a ) (the difference of the impedance spectra between the high frequency and low frequency intercepts with the X-axis. In this study, impedance spectra have no intercept with X axis at the low frequency, so the maximum values are used.). The polarisation resistance of Cell V with B-I fuel is 1.37 Ω cm 2 ( Figure   6a ). The cells with A-I or B-II has the same polarisation resistance of 1.26 Ω cm 2 ( Figure 6a ). The series resistance of the cells varies. They are in the range of 3.19 to 3.54 Ω cm 2 . These differences could be caused by the slight differences in the thicknesses of the electrolyte, the contact resistance or the electrode resistance. In this study, the electrolyte-supported cells are used and therefore the ohmic resistance of the YSZ electrolyte is a major contributing factor to the series resistance. The YSZ pellets were prepared by the dry pressing method. The slightly different series resistance of the cell could be due to the different thickness of the YSZ pellets. It can be seen that 65%-72% of the total resistance of the cells are from the series resistance. The electrochemical performance of the cell could be further improved if thinner YSZ electrolyte is used.
The maximum power density of the cell with each coal sample is similar (around 60 mW cm -2 ). The highest maximum power density of 71.88 mW cm -2 is obtained by the cell with B-II fuel. This power output obtained in this study is on the top level among reports in literature concerning electrolyte-supported cells 4, 12, 18 . The values achieved here are better than those of cells operating at a higher temperature (850 °C), even though a thinner YSZ electrolyte (0.5 mm) and a composite electrode of Ni-GDC-YSZ are used. 14 This might be attributed to the presence of carbonate, which enhances both the gasification reaction and electrochemical reactions, as shown in equation (1) 
Short-term and long-term durability
The durability of cells with different coal samples as fuels was recorded over a 24 hour period, and the results are shown in Figure 7a . The cells (Cell V and Cell VI) with bituminous coal (B-I or B-II) have a slower degradation rate compared to the cell (Cell III and Cell IV) with anthracite coal (A-I or A-II) in the first ten-hour period. After that, the durability of cells using different coal fuels show different trends. The performance of A-I fueled cell (Cell III) increases with time from 20 mA cm -2 to 45 mA cm -2 over the first 15 hours and then slowly decreases to 40 mA cm -2 over the remaining testing time.
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The cell with A-II fuel (Cell IV) demonstrates a quick drop from 80 mA cm -2 to 30 mA cm -2 in the first 5 hours and then degrades slowly thereafter the remaining time. B-I fueled cell (Cell V) shows some degradation in the first 8 hours and then remains almost a constant current until the operational testing reaches 17 hours. There is then a quick drop almost to zero in 3 hours. The cell with B-II fuel (Cell VI) shows a slow degradation over an operational time of 18 hours. The difference of the electrochemical performance is due to the various properties of bituminous coal and anthracite coal. There is less hydrogen content in anthracite coal than that in bituminous so that a slightly lower maximum power density is obtained in the beginning. This result is in agreement with the report from Xu et al. 19 He found that the electrochemical performance of lignite, bituminous and anthracite coals was in accord with the hydrogen content of these three coal samples. Lignite coal has the highest hydrogen content so that the best maximum power density was obtained by the cell with lignite coal fuel. Volatile matter is another important parameter that might enhance the cell performance. There is a higher volatile content in bituminous coal than in anthracite coal. So the maximum power densities of both B-I and B-II are slightly higher than those of A-I and A-II. A quick performance loss on the cell with anthracite coal while the cell is operating in the first few hours might be because of less volatile matter in anthracite coal. The increase of the cell performance after that is possibly related to the high carbon content. During the process of durability testing, coal devolatilisation is happening at the same time. In fact coal devolatilisation starts in the beginning of the heating of the cell. In the process of coal devolatilisation, the coal structure changes and gases are produced. The gases of CO 2 , CO, H 2 O and CH 4 etc. are released at low and intermediate temperatures. Some of these gases are produced before the electrochemical data are collected. Therefore due to the loss of these gases, the cells using coal samples with the highest volatile matter lose most of the coal fuel. A-I has the lowest volatile matter and the highest carbon content so that after a certain time (10 hours' durability test), it has the most carbon left for energy generation.
Another possible impact considered in this study is the purge gas. The electrochemical testing in Figure 7 was carried out in nitrogen. Figure 8 shows that a cell being tested in nitrogen for the first two hours and then operating without nitrogen for the remaining time. It shows a quick performance drop in nitrogen and a sharp performance increase after the nitrogen is stopped. The cell is running stability at a constant value of 40 mA cm -2 over the test period, while the cell running in nitrogen exhibits a performance drop after 8 hours (Figure 7 , Cell III with A-I-M fuel). The fast consumption of the coal might be the main reason for the fast degradation in the nitrogen.
14 Due to the critical influence of the purge gas in the cell performance, the long-term durability of cell III, Cell V and Cell VI without purge gas was recorded and the results are shown in Figure 9 . It can be seen that the cell is running at 20-40 mA cm When the open circuit voltage decreases down to 0.7 V, it is no longer able to sustain the operation so the current decreases dramatically at the end of the cell life. It is found that the coal has finished by that time.
Discussion
It can be seen from the results of these experiments that the electrochemical reactivity of coal samples in direct carbon fuel cells is highly dependent on their physical and chemical properties, for example, their crystal structure, chemical composition and ash composition. The maximum power densities of the cells operating at 750 C with four coal samples are similar ( Figure 6 ). The B-II fuelled cell has a slightly higher power density than the other three coal samples. This could be due to its higher volatile matter (19.4%). When it is scanning the current-voltage curves, volatile matter is released. The released gases of H 2 , CH 4 , CO and CO 2 from the thermal decomposition of the volatile matter contribute to the electrochemical reactions. 19 H 2 , CH 4 and CO can be oxidised by oxygen ions from the cathode,
These gases can also react with carbonate electrochemically:
Lee et al. tested different coal samples in a MCFC-DCFC and he found that the maximum power density was related to the volatile matter. 20 The cell using coal with 50% of volatile matter generated 114.1 mW/cm 2 maximum power density, while, using coal with 30% of volatile matter, it only achieved a maximum power density of 111.1 mW/cm 2 . For carbon black that has no volatile matter, the maximum power density was 106.76 mW/cm 2 . Similar results were reported by Xu et al. by using three coal samples of lignite, bituminous and anthracite coals. The cell performance at a lower temperature (750 C) was significantly different to that at the high temperature (850 C) 19 . Lignite coal has the highest volatile matter (37.14%), so the cell generated the highest power density at 750 C. Anthracite coal has the lowest volatile matter (16.09%) and therefore produced a lower power density. 19 In terms of the durability (24 hours), the power output exhibits huge differences. Figure 11 shows the relationship of the power output with the chemical composition of then coal samples over a period of 24 hours. It generates 840 mA h, 664 mA h, 761 mA h and 785 mA h for cell III, Cell IV, Cell V and Cell VI, respectively. It is clear that the power output of the cell over 24 hours increases with the amount of volatile matter, as shown in Figure 11a . It is therefore believed that the volatile matter is beneficial to the cell performance in the short term. The influence of volatile matter on cell performance has been confirmed in previous research. 3, 10 Ju et al. investigated coal and ash-free coal fuelled button cells with a Ni-YSZ anode. At 750 C, a double cell performance was obtained with a raw coal fuelled cell when compared to an ash-free coal fuelled cell 10 . This was attributed to the volatile matter in raw coal producing gases in the thermal decomposition of these organic compounds.
The ratio of hydrogen to carbon follows the same trend as the volatile matter in Figure 11b . It is deemed that the highest activity of bituminous coal is associated with its high ratio of oxygen/carbon and hydrogen content 21 . Predtechensky et al.
established the relationship between the maximum power density of the cell and the hydrogen content of the solid carbon fuel in a molten carbonate fuel cell. 22 Among cannel coal, anthracite and graphite, cannel coal had the highest hydrogen content, therefore, the best maximum power density of the cell was obtained with this coal. Moisture is another parameter to be considered, and this has been plotted with the relationship of power output over a period of 24 hours in Figure 11c . The power output decreases as the moisture increases. Coal with a low sulphur content (Figure 11d ) or a low ash content ( Figure  11e ) produces more power energy. This is in agreement with the result we obtained in previous research 3 . Not only the ash content, but also the ash compositions have an essential effect on the cell performance. There have been some reports about the impact of impurities on the cell performance. Some of these degrade the anode materials and some of them act as catalysts. In a study of DCFC with raw coal and ash-free coal, ash was found to cause a significant side-effect on the long term durability 10 , mainly due to the blocking of the pore structure and the inhibition of the anode reaction. The presence of the impurities of quartz and Al 2 O 3 prevents gasification thereby preventing the reactant gas from contacting the carbon surface. Mn 2 O 3 , CeO 2 , Ag 2 O have been reported to act as catalysts in a hybrid direct carbon fuel cell with bituminous coal as the fuel and it has been found that these additives greatly improved the activities of coal oxidation 6 . MgO, CaO and Fe 2 O 3 exhibit catalytic properties in molten carbonate DCFCs 11 . These oxides are good catalysts towards Boudouard reaction 23 . As far as ash compositions are concerned, Cell III with A-I as the fuel showed the best cell performance due to its having the highest CaO amount (28.96%) and the lowest Al 2 O 3 (9.42%) and SiO 2 (17.54%) content. It might also be due to its high carbon content as well as its more ordered crystalline structure. Fixed carbon content represents the energy that can be produced from coal. Therefore, more power output is obtained from coal with a higher fixed carbon content. Cell IV with A-II as the fuel shows the lowest electrochemical reactivity due to its high amount of SiO 2 and Al 2 O 3 . Cell VI with B-II displays a high cell performance due to its high content of CaO(14.0%), MgO (2.0%) and Fe 2 O 3 (11.9%). Some small amount of ash composition, like P 2 O 5 , is deemed to have a side-effect on the cell performance. There is no P 2 O 5 in B-II, therefore, the electrochemical performance (especially long-term durability) is not affected.
In order to identify all the possible crucial factors to the whole energy output, long-term durability was tested. A typical relationship of the total power output with fixed carbon content is plotted in Figure 12 . It is apparent that more power is produced from carbon with a high fixed carbon content. As A-I has the highest fixed carbon content (85.8%), it produces the highest overall power output.
Conclusions
In this study, coal samples with different properties were tested in hybrid direct carbon fuel cells (HDCFCs). Two raw anthracite coals and two bituminous coals were compared in terms of the electrochemical performance in HDCFCs. The maximum power density of the cell with anthracite coals was slightly lower than that of bituminous coals. Short term durability testing (less than 10 hours) showed that bituminous coals had a slower performance drop than anthracite coals. P D F C r e a t e 8 T r i a l w w w . n u a n c e . c o m However, the total power output from anthracite coal (A-I) was better than from the bituminous coals. The HDCFCs were maintained at 20-40 mA cm -2 for over 120 hours with 1.6 g coal. The results showed that a high volatile matter, a high hydrogen content and a low moisture content are desirable for a short term operation, while in longer term operations, a high carbon content is preferable. This means that coal samples with an ordered crystalline structure, high carbon content, and low ash content (e. g. anthracite) will be ideal candidates for use in DCFCs. Figure 8 Influence of the purge gas on the durability of Cell VII at 0.7 V with A-I-M as the fuel, the cell was operating in nitrogen for the first two hours and then without any purge gas over the remaining test time. Figure 12 Correlation between total power output and fixed carbon content, Note: data of total power output of 1.6 g coal acquired from Figure 9 .
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